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A method of making a phosphono-substituted dipyr 
romethane comprises reacting an aldehyde or acetal having 
at least one phosphono group substituted thereon With 
pyrrole to produce a pho sphono-sub stituted dipyrromethane; 
and Wherein the phosphono is selected from the group 
consisting of dialkyl phosphono, diaryl phosphono, and 
dialkylaryl phosphono. Additional methods, intermediates 
and products are also described. 
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SYNTHESIS OF 
PHOSPHONO-SUBSTITUTED PORPHYRIN 
COMPOUNDS FOR ATTACHMENT TO 

METAL OXIDE SURFACES 

This invention Was made With Government support under 
grant number MDA972-01-C-0072 from DARPA. The Gov 
ernment has certain rights to this invention. 

FIELD OF THE INVENTION 

The present invention concerns methods for the synthesis 
of porphyrinic compounds, and intermediates thereof, Which 
compounds are useful for attachment to metal oxide surfaces 
for the production of solar cells and molecular memory 
devices. 

BACKGROUND OF THE INVENTION 

We recently described a neW design for a molecular-based 
memory device Wherein a layer of redox-active molecules is 
tethered to an ultra-thin dielectric surface, Which in turn is 
deposited on a semiconductor.1 The dielectric layer and the 
molecular tether (linker and surface attachment group) both 
provide barriers to electron transfer betWeen the semicon 
ductor and the redox-active molecule. In this type of 
molecular-based ?eld effect transistor, the charge stored in 
the molecules can change the current level in the transistor, 
thereby affording a non-destructive means by Which the 
charge state of the molecules can be detected. 

In contrast With conventional semiconductor-based 
devices, the use of charge-storage molecules exploits the 
poWer of synthetic design to tailor molecules that operate at 
loW voltage and that provide multiple charged states. Great 
latitude also exists in the design of the barriers presented by 
both the tether and the dielectric layer. The barrier presented 
by the tether can be tuned via synthetic organic chemistry 
While that of the dielectric can be tuned by semiconductor 
processing techniques. In particular, the composition (and 
length) of the tether can be varied from insulating aliphatic 
groups to more conducting conjugating species. Likewise, 
composition of the dielectric layer can be a commonly used 
SiO2 layer or a metal oxide such as HfO2, ZrO2, etc. 
Our preliminary studies employed ferrocenylmethylphos 

phonic acid as the charge-storage molecule.1 The phospho 
nic acid group anchors the charge-storage molecule to the 
oxide surface. The initial success of this approach has 
prompted us to investigate the synthesis of a much Wider 
variety of charge-storage molecules, particularly porphy 
rinic molecules, Which bear phosphonic acid-tenninated 
linkers. Porphyrins bearing phosphonic acid tethers have 
been synthesized and attached to oxide surfaces for a variety 
of other applications including solar energy, oxidative 
catalysis, sensing, and recognition of polysaccharides.2'l4 

The synthetic approaches that have been employed to 
prepare porphyrins bearing phosphonic acid/phosphonate 
units can be characterized by (1) Whether the phosphonate 
unit is introduced into precursors to the porphyrin or by 
derivatiZation of a preexisting porphyrin, (2) Whether sta 
tistical or rational routes are employed, (3) the number and 
pattern of phosphonate groups at the perimeter of the 
porphyrin, (4) the type of phosphonic acid protecting group 
employed, (5) the nature of the central metal, and (6) the 
method of cleavage of the phosphonate protecting groups. 

A4-Porphyrins bearing four arylphosphonic acids have 
been prepared by condensation of a dialkoxyphdsphorylben 
Zaldehyde With pyrrole folloWed by deprotection of the free 
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2 
base porphyrin.2 Alternatively, the free base porphyrin can 
be metalated folloWed by deprotection.4’5 A4-porphyrins 
bearing four alkylphosphonic acids have been prepared by 
derivatiZation of a reactive halo-substituted porphyrins‘7 
A3B-porphyrins bearing a single phosphonic acid have been 
prepared by a mixed-aldehyde condensation of a dialkoxy 
phosphorylbenZaldehyde, benZaldehyde, and pyrrole;4 or by 
derivatiZation of a porphyrin bearing a single reactive halo 
group.6’l4 Trans-A2B2-porphyrins bearing tWo phosphonic 
acid groups have been prepared by condensation of a 
dialkoxyphosphorylbenZaldehyde and dipyrromethane.l2 
Chlorins bearing tWo phosphonic acids have been prepared 
by derivatiZation of a deuterochlorin-dibromide With tris 
(trimethylsilyl)phosphite.9 In each case, the porphyrinic spe 
cies Were employed as the free base or as a metal chelate that 
is rather robust toWard the acidic conditions for cleavage of 
the dialkyl phosphonate. The metals include Mn,4’5 Fe,9 Co,9 
Ni,9 Pd,6 and Os,7 Which are all categoriZed in the porphyrin 
?eld as class I or class II metals, affording chelates that are 
exceptionally resilient toWard acids.15 In general, phospho 
nic acids combine With metals to give extended, often 
insoluble, metal phosphonates. A rare case Wherein metala 
tion Was performed in the presence of a free phosphonic acid 
employed a porphyrin superstructure containing a hindered 
phosphonic acid.14 
One of the considerable attractions of molecular informa 

tion storage is the ability to tune the properties of the 
charge-storage molecules through molecular design. In stud 
ies of thiol-derivatiZed porphyrins, We found that the period 
during Which the oxidiZed molecules remained charged (i.e., 
the charge-retention time) depends quite sensitively on the 
length of the tether (linker and surface attachment group). 
For example, as the number of methylene groups in the 
tether phenyl-(CH2)n-Si increased along the series 0, 1, 2, 
and 3, the charge-retention time increased from 116, 167, 
656 to 885 s. The rate of electron-transfer (reading process) 
also sloWed With increase of linker length. Moreover, the 
quality (uniformity, integrity) of the self-assembled mono 
layers (SAMs) increased in going from the phenylthio tether 
(n:0) to the phenylalkylthio tethers (n:1—3).l6 

SUMMARY OF THE INVENTION 

A ?rst aspect of the invention is a method of making a 
phosphono-substituted dipyrromethane, comprising: react 
ing an aldehyde or acetal having at least one phosphono 
group substituted thereon With pyrrole to produce a 
phosphono-substituted dipyrromethane; and Wherein the 
phosphono is selected from the group consisting of dialkyl 
phosphono, diaryl phosphono, and dialkylaryl phosphono. 
In some embodiments the aldehyde or acetal is coupled to 
the at least one phosphono by a linking group (e.g., aryl, 
alkyl, alkylaryl, and alkylarylalkyl linking groups). In some 
embodiments the aldehyde or acetal has three phosphono 
groups substituted thereon. 
A second aspect of the present invention is a method of 

making a phosphono substituted dipyrromethane, compris 
ing: reacting a halo-substituted dipyrromethane With a phos 
phite to produce a phosphono-substituted dipyrromethane. 
The phosphite is generally a dialkyl phosphite, diaryl phos 
phite, or dialkylaryl phosphite, and the phosphono is gen 
erally a dialkyl phosphono, diaryl phosphono, or dialkylaryl 
phosphono. 
In some embodiments, the halo is coupled to the dipyr 
romethane by a linking group such as described above. 
A third aspect of the present invention is a 5-phosphono 

dipyrromethane, Wherein the phosphono is selected from the 
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group consisting of dialkyl phosphono, diaryl phosphono, 
and dialkylaryl phosphono. In some embodiments the 
phosphono is coupled to the dipyrromethane by a linking 
group such as described above. 

A fourth aspect of the present invention is a method of 
making a 5-phosphono, l-acyldipyrromethane, comprising: 
reacting a 5-phosphonodipyrromethane With a Grignard 
reagent to produce an intermediate compound; and then 
reacting the intermediate compound With a Mukaiyama 
reagent to produce a 5-phosphono, l-acyldipyrromethane. In 
some embodiments the 5-phosphono is selected from the 
group consisting of dialkyl phosphono, diaryl phosphono, 
and dialkylaryl phosphono and in some embodiments the 
phosphono is coupled to the dipyrromethane by a linking 
group such as described herein. 

A ?fth aspect of the present invention is a dipyrromethane 
selected from the group consisting of (a) l-phosphonoacyl 
dipyrromethanes, and (b) 5-phosphono, l-acyldipyr 
romethanes. In some embodiments the 5-phosphono is 
dialkyl phosphono, diaryl phosphono, or dialkylaryl 
phosphono. Where the compound is a 5-phosphono, l-acyl 
dipyrromethane, the l-acyl group may be a l-phosphonoa 
cyl group to provide a compound having tWo phosphono 
groups thereon. 

A sixth aspect of the present invention is a method of 
making a 9-halo, 5-phosphono, l-acyldipyrromethane, com 
prising: halogenating a 5-phosphono, l-acyldipyrromethane 
to produce a 9-halo, 5-phosphono, l-acyldipyrromethan; 
Wherein the phosphono is selected from the group consisting 
of dialkyl phosphono, diaryl phosphono, and dialkylaryl 
phosphono. The phosphono may be coupled to the dipyr 
romethane by a linking group such as described herein. 

A seventh aspect of the invention is a 9-halo, 
5 -phosphono, l -acyldipyrromethane compound. The 
phosphono is preferably dialkyl phosphono, diaryl 
phosphono, or dialkylaryl phosphono. The phosphono may 
be coupled to the dipyrromethane by a linking group such as 
described herein. 

An eighth aspect of the invention is a method of making 
a chlorin, comprising: reducing a 9-halo, 5-phosphono, 
l-acyldipyrromethane to produce a ?rst reaction product; 
and then reacting the ?rst reaction product With a Western 
half to produce the chlorin; Wherein the phosphono is 
selected from the group consisting of dialkyl phosphono, 
diaryl phosphono, and dialkylaryl phosphono. The 
phosphono may be coupled to the dipyrromethane by a 
linking group such as described herein. 

Aninth aspect of the present invention is a chlorin having 
a phosphono group coupled thereto at the 5 position, the 10 
position, or both the 5 and 10 position. In some embodi 
ments the phosphono may be dialkyl phosphono, diaryl 
phosphono, or dialkylaryl phosphono, and the phosphono 
may be coupled to the chlorin by a linking group such as 
described herein. 

A tenth aspect of the invention is a method of making a 
porphyrin substituted at the 5 position With at least one 
phosphono group, comprising: reacting a 5-phosphono-sub 
stituted dipyrromethane With a dipyrromethane-dicarbinol to 
produce the porphyrin; Wherein the phosphono is selected 
from the group consisting of dialkyl phosphono, diaryl 
phosphono, and dialkylaryl phosphono. In some embodi 
ments the phosphono is coupled to the dipyrromethane by a 
linking group such as described herein. In some embodi 
ments the at least one phosphono group consists of three 
phosphono groups. 
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4 
An eleventh aspect of the invention is a porphyrin sub 

stituted at both the 5 position and the 10 position With a 
phosphono group, such as described herein. 
A tWelfth aspect of the invention is a method of making 

a substituted porphyrin compound, comprising: reacting a 
halo-substituted porphyrin With a phosphite or a salt thereof 
to produce a porphyrin having a phosphono group coupled 
thereto; Wherein the phosphite is selected from the group 
consisting of dialkyl phosphite, diaryl phosphite, dialkylaryl 
phosphite, trialkyl phosphite, triaryl phosphite, and trialky 
laryl phosphite; and Wherein the phosphono is selected from 
the group consisting of dialkyl phosphono, diaryl 
phosphono, and dialkylaryl phosphono. In some embodi 
ments the halo-substituted porphyrin comprises a porphyrin 
having a halo group coupled thereto by an intermediate 
linking group such as described herein. The method may 
further comprise the step of metalating the porphyrin having 
a phosphono group coupled thereto. 
A thirteenth aspect of the invention is a method of making 

a phosphono-substituted porphyrin or chlorin, comprising: 
reacting a porphyrin or chlorin having a protected 
phosphono group substituted thereon at the 5 position With 
a trialkysily halide and a base in a solvent to produce a 
porphyrin or chlorin having a phosphonic acid group sub 
stituted thereon. In some embodiments the phosphono is 
coupled to the porphyrin or chlorin With an intermediate 
linking group such as described herein. 
A fourteenth aspect of the invention is a method of 

making coupled porphyrins, comprising: reacting (i) a ?rst 
porphyrin substituted With a halo or ethyne group and a 
protected phosphono group With (ii) a second porphyrin 
having an ethyne or halo group in a Sonogashira reaction to 
couple the ?rst and second porphyrins; Wherein the ?rst 
porphyrin is substituted With halo When the second porphy 
rin is substituted With ethyne, and the ?rst porphyrin is 
substituted With ethyne When the second porphyrin is sub 
stituted With halo. 
The foregoing and other objects and aspects of the present 

invention are explained in greater detail in the speci?cation 
set forth beloW. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

“Alkyl,” as used herein, refers to a straight or branched 
chain hydrocarbon, for example containing from 1 to 10 or 
20 carbon atoms. Representative examples of alkyl include, 
but are not limited to, methyl, ethyl, n-propyl, iso-propyl, 
n-butyl, sec-butyl, iso-butyl, tert-butyl, n-pentyl, isopentyl, 
neopentyl, n-hexyl, 3-methylhexyl, 2,2-dimethylpentyl, 2,3 
dimethylpentyl, n-heptyl, n-octyl, n-nonyl, n-decyl, and the 
like. When used as a linking group alkyl as described herein 
includes tWo covalent bonds, one to each linked group. 

“Aryl,” as used herein, refers to a monocyclic carbocyclic 
ring system or a bicyclic carbocyclic fused ring system 
having one or more aromatic rings. Representative examples 
of aryl include aZulenyl, indanyl, indenyl, naphthyl, phenyl, 
tetrahydronaphthyl, and the like. When used as a linking 
group alkyl as described herein includes tWo covalent bonds, 
one to each linked group. 

“Phosphono” as used herein refers to unprotected 
phosphono groups of the formula iRiP(=O)(OH)2, 
Where R is a linking group or a covalent linkage, as Well as 
protected phosphono groups of the formula iRiP(=O) 
(OR1)2, Where R is a linking group or a covalent bond and 
R1 is alkyl, aryl, or alkylaryl. 
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“Acyl” as used herein means a iC(=O)R group, Where 
R is a suitable substituent such as alkyl, aryl, or alkylaryl, 
Which substituent may be substituted or unsubstituted. 

“Phosphonoacyl” as used herein means a group of the 
formula 4C(=O)R, Where R is a phosphono group as 
described above. 

“Dialkylaryl phosphono” as used herein refers to a com 
pound of the formula iP(=O)(OR1R2)2 where R1 is alkyl 
and R2 is aryl. Likewise “trialkylaryl” refers to the presence 
of three substitutents of the formula iRlRz on the indicated 
group (where R1 is alkyl and R2 is aryl). 

“Halo” as used herein refers to halogens such as chloro, 
bromo or iodo. 

“Linking group” as used herein refers to any suitable 
group having tWo covalent bonds, one to each linked group, 
such as alkyl, aryl, alkylaryl, or alkylarylalkyl linking 
groups. Additional covalent bonds are included When addi 
tional groups are linked. 

“Porphyrin” as used herein refers to substituted or unsub 
stituted porphyrins and includes porphyrins With extra rings 
ortho-fused, or ortho-perifused, to the porphyrin nucleus, 
porphyrins having a replacement of one or more carbon 
atoms of the porphyrin ring by an atom of another element 
(skeletal replacement), derivatives having a replacement of 
a nitrogen atom of the porphyrin ring by an atom of another 
element (skeletal replacement of nitrogen), derivatives hav 
ing substituents other than hydrogen located at the periph 
eral (meso-, beta-) or core atoms of the porphyrin, porphy 
rins With saturation of one or more bonds of the porphyrin 
(hydroporphyrins, e.g., chlorins, bacteriochlorins, isobacte 
riochlorins, decahydroporphyrins, corphins, pyrrocorphins, 
etc.), porphyrins obtained by coordination of one or more 
metals to one or more porphyrin atoms (metalloporphyrins), 
porphyrins having one or more atoms, including pyrrolic 
and pyrromethenyl units, inserted in the porphyrin ring 
(expanded porphyrins), porphyrins having one or more 
groups removed from the porphyrin ring (contracted por 
phyrins, e.g., corrin, corrole) and combinations of the fore 
going derivatives (e.g. phthalocyanines, subphthalocya 
nines, and porphyrin isomers). Preferred porphyrins 
comprise at least one 5-membered ring and more preferably 
include four 5-membered rings, each of Which includes a 
hetero atom such as N, S, or 0, preferably N in a position 
for formation of a coordination bond. 

“Grignard reagent” and “Mukaiyama reagent” are as 
described in further detail beloW. 

“Eastern half” and “Western half” are as described in 
further detail beloW. 

The disclosures of all United States patent references 
cited herein are to be incorporated by reference herein in 
their entirety. 

The present invention provides methods of making a 
phosphono-substituted dipyrromethane. In general, such 
methods comprise reacting an aldehyde or acetal having at 
least one phosphono group substituted thereon With pyrrole 
to produce a phosphono-substituted dipyrromethane, With 
the dipyrromethane preferably substituted by the phosphono 
group at the 5 position thereof (see for example Scheme 4 
beloW). In general, the phosphono group may be a dialkyl 
phosphono, diaryl phosphono, or dialkylaryl phosphono 
group. The aldehyde or acetal may be coupled to the at least 
one dialkyl phosphono by a linking group. In some embodi 
ments, the aldehyde or acetal has three phosphono groups 
substituted thereon (e.g., by coupling to dipyrromethane at 
the 5 position a group of the formula iR1(R2Z)3, where R1 
is a ?rst linking group, R2 is a second linking group, and Z 
is a phosphono group). Such reactions are generally carried 
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6 
out With an acid catalyst, or Without an acid catalyst in the 
presence of heat. Depending upon Whether or not a catalyst 
is used, the reactions are carried out at an elevated tempera 
ture of up to about 100° C., and more typically at a 
temperature of 50 to 1000 C. Any suitable acid catalyst may 
be used, including indium trichloride, scandium tri?ate, 
TFA, BF3 etherate, etc. While the pyrrole serves as the 
solvent a cosolvent or diluent may optionally be included, 
examples of Which include but are not limited to toluene, 
methylene chloride, chloroform, etc. 

Another method of making a phosphono substituted 
dipyrromethane described herein comprises reacting a halo 
substituted dipyrromethane With a phosphite to produce a 
phosphono-substituted dipyrromethane (see for example 
Scheme 4 beloW). In general, the phosphite is a dialkyl 
phosphite, a diaryl phosphite, or a dialkylaryl phosphite, and 
the corresponding phosphono is a dialkyl phosphono, a 
diaryl phosphono, or a dialkylaryl phosphono. The halo is 
preferably coupled to the dipyyromethane at the 5 position, 
and may be coupled to the dipyrromethane by a linking 
group. Where the linking group is or includes an aryl to 
Which the halo is coupled, the halo may be coupled to the 
aryl at the ortho, meta or para position. In general, such 
reactions are catalyZed With a metal such as palladium or 
nickel and are carried out in a suitable solvent such as 
toluene or triethylamine, and are carried out at any suitable 
temperature such as 50 to 150° C. (e. g., under re?ux) for any 
suitable time, such as 1*24 hours (e.g., ovemight). An 
alternative, When the dipyrromethane is substituted With a 
haloalkyl, is to treat the dipyrromethane With a trialkylphos 
phite or triarylphosphite at a temperature of 0 or 50 to 1500 
C. (salts can be reacted at room temperature). 
The present invention further provides a method of mak 

ing a 5-phosphono, l-acyldipyrromethane. In general, the 
method comprises reacting a 5-phosphonodipyrromethane 
With a Grignard reagent to produce an intermediate com 
pound, and then reacting the intermediate compound With a 
Mukaiyama reagent to produce a 5-phosphono, 1-acyldipyr 
romethane (see for example Scheme 6 herein). The 
5-phosphonodipyrromethane can be as described herein and 
produced by methods such as described above. The reaction 
can be carried out in accordance With techniques knoWn to 
those skilled in the art (see, e.g., US. Pat. Nos. 6,617,282, 
6,608,212, 6,603,000 and 6,600,040, describing Grignard 
reagents). 

Alternatively, the phosphono group can be introduced at 
the 1-position of the dipyrromethane in an acylation reaction 
betWeen a dipyrromethane and a Mukaiyama reagent bear 
ing the phosphono functional group. The Mukaiyama 
reagent is, in general, any suitable Mukaiyama reagent, 
typically a 2-S-pyridyl phosphono thioate, Where phosphono 
may be protected or unprotected as described herein and 
may include a linking group as described herein. The 
reaction may be carried out in any suitable solvent, such as 
an ethereal solvent such as THF, and is preferably carried out 
under chilled conditions. In this manner, monoacyl dipyr 
romethanes bearing a phosphono group at the 1-, 5-, or 1 
and 5-positions of the dipyrromethane can be prepared, by 
inclusion of the phosphono group on the acyl group. 
Amethod of rmaking a 9-halo, 5-phosphono, 1-acyldipyr 

romethane is also described herein. The method comprises 
halogenating a 5-phosphono, l-acyldipyrromethane to pro 
duce a 9-halo, 5-phosphono, l-acyldipyrromethane (see for 
example Scheme 8 beloW). In general, the phosphono group 
may be a dialkyl phosphono, diaryl phosphono, or dialky 
laryl phosphono group (Which may be coupled to the 5 
position by a linking group as described above), and the halo 
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may be chloro, bromo or iodo, preferably bromo. Any 
halogenating agent may be used, including but not limited to 
N-chlorosuccinimide, N-bromosuccinimide, N-iodosuccin 
imide, l,3-dichloro-5,5-dimethylhydantoin, 1,3-dibromo-5, 
5-dimethylhydantoin, chlorine, bromine, and iodine. The 
reaction is preferably carried out at a temperature less than 
room temperature, most preferably 0 to —l00° C., in any 
suitable solvent such as tetrahydrofuran, dioxane, diethyl 
ether or other ethereal solvents, but preferably THF. 
A method of making a chlorin is also described herein. 

The method comprises reducing a 9-halo, 5-phosphono, 
l-acyldipyrromethane to produce a ?rst reaction product (an 
“Eastem half”); and then reacting the ?rst reaction product 
eastern half With a Western half to produce the chlorin (see 
for example Scheme 8 beloW). The 9-halo, 5-phosphono, 
l-acyldipyyromethane may be produced as described above, 
and in general, the phosphono may be dialkyl phosphono, 
diaryl phosphono, or dialkylaryl phosphono. The terms 
“Eastem half” and “Western half” are knoWn in the art of 
chlorin chemistry; reactions for producing a chlorin from 
eastern and Western halves are knoWn in the art of chlorin 
chemistry, and can be carried out in accordance With knoWn 
techniques or variations thereof Which Will be apparent to 
those skilled in the art given the present disclosure. See, e.g., 
US. Pat. No. 6,559,374 to Lindsey and Balasubramanian. 
A method of making a porphyrin substituted at the 5 

position With at least one phosphono group is also described 
herein. The method comprises reacting a 5-phosphono 
substituted dipyrromethane With a dipyrromethane-di 
carbinol to produce the porphyrin (see for example Scheme 
5 beloW). In general, the phosphono may be a dialkyl 
phosphono, diaryl phosphono, or dialkylaryl phosphono, 
and in general the phosphono may be coupled to the dipyr 
romethane by a linking group as described above. In some 
embodiments the at least one phosphono group consists of 
three phosphono groups (e.g., by coupling to the dipyr 
romethane at the 5 position a group of the formula iRl 
(R2Z)3, where R1 is a ?rst linking group, R2 is a second 
linking group, and Z is a phosphono group). The methods 
may be carried out in accordance With knoWn techniques, 
such as described in US. patent application Ser. No. 2003/ 
0096978 Al (published May 22, 2003) to Lindsey, Geier and 
Yu. In general, the reactions may be carried out at any 
suitable temperature and pressure, such as room temperature 
and ambient pressure. In general the reactions are carried out 
Within a time of l to 2 hours. Solvents Which may be used 
to carry out the present invention preferably have a dielectric 
constant of about 20, 15, or 10 or less, at room temperature 
(i.e., 250 C.). The solvent may be a single compound or 
mixtures thereof. Preferably the solvent is non-aqueous. 
Particular examples of suitable solvents include, but are not 
limited to, chlorinated aliphatic hydrocarbons (e.g., dichlo 
romethane, chloroform, l ,2-dichloroethane, l , l , l , -trichloro 
ethane, l,l,2,2-tetrachloroethane, l,l-dichloroethylene, cis 
l ,2-dichloroethylene, trans-l ,2-dichloroethylene, 
trichloroethylene, etc.); chlorinated aromatic hydrocarbons 
(e.g., chlorobenZene, l,2-dichlorobenZene, 1,3-dichloroben 
Zene, l,4-dichlorobenZene, l-chloronaphthalene, etc.); 
hydrocarbons (e.g., benZene, toluene, xylene, ethylbenZene, 
mesitylene, durene, naphthalene); ethers (e.g., ethyl ether, 
propyl ether, tetrahydrofuran, p-dioxane, anisole, phenyl 
ether, etc.); esters (e.g., ethyl acetate, methyl acetate, ethyl 
benZoate, butyl phthalate, etc.); glymes (e.g., 2-methoxy 
ethanol, 2-butoxyethanol), and other solvents such as carbon 
disul?de, tributyl borate, etc., and mixtures of the foregoing. 
Any suitable electron-pair acceptor may be used as the 
LeWis acid catalyst in the present invention, including, but 
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8 
not limited to, CsCl, SmCl3.6H2O, InCl3, CrF3, AlF3, 
Sc(OTf)3, TiF4, BEt3, GeI4, EuCl3.nH2O, LaCl3, Ln(OTf)3 
Where Ln:a lanthanide, etc. The concentration of the LeWis 
acid may range, for example, from 0.001 or 0.01 mmol/ L to 
100 or 500 mmol/L, or more. 

The preparation of a porphyrin bearing tWo dialkyl 
phosphono diaryl phosphono, or dialkylaryl phosphono 
groups at the 5- and l0-positions (cis-A2B2 or cis-AZBC 
type porphyrins) can be prepared by condensation of a 
dipyrromethane-dicarbinol bearing tWo dialkyl phosphono, 
diaryl phosphono, or dialkylaryl phosphono groups at the l 
and 5-positions With a dipyrromethane. 

Reactions of Porphjyrins. The present invention also 
provides for reactions of porphyrins. Among other things the 
present invention provides a method of making a substituted 
porphyrin compound, comprising: reacting a halo-substi 
tuted porphyrin With a phosphite, or a salt thereof, to 
produce a porphyrin having a phosphono group coupled 
thereto (see for example Scheme 11). In general the phos 
phite may be a dialkyl phosphite, diaryl phosphite, dialky 
laryl phosphite, trialkyl phosphite, triaryl phosphite, or 
trialkylaryl phosphite, and the corresponding phosphono 
may be a dialkyl phosphono, diaryl phosphono, or dialky 
laryl phosphono. The halo group may be coupled to the 
porphyrin by an intermediate linking group as described 
above. In some embodiments, the porphyrin on Which the 
reaction is performed may be a member of a double-decker 
or triple-decker sandWich coordination compound. Reac 
tions may be carried out in the same manner as described in 
connection With phosphites above, and may further com 
prise the step of metalating the porphyrin in accordance With 
knoWn techniques. 
A method of making a phosphonic acid-substituted por 

phyrin or chlorin is also described herein. The method 
generally comprises reacting a porphyrin or chlorin having 
a protected phosphono group substituted thereon at the 5 
position With a trialkyl silylhalide and a base in a solvent to 
produce a porphyrin or chlorin having a phosphonic acid 
group substituted thereon (see for example Scheme 10 
beloW). The phosphono may be coupled to the porphyrin or 
chlorin With an intermediate linking group such as described 
above. When porphyrins are used, the porphyrin may be a 
member of a double-decker or triple-decker sandWich coor 
dination compound. Any suitable trialkylsilyl halide may be 
used, including but not limited to trimethylsilyl chloride and 
trimethylsilyl bromide. The base is preferably a tertiary 
amine, more preferably a trialkylamine and most preferably 
triethylamine. The reaction may be carried out in any 
suitable solvent such as CH2Cl2, CHCl3, chlorobenZene, etc. 
at any suitable temperature (e.g., 0 to 2000 C.) for any 
suitable time (e.g., l to 24 hours) and may conveniently be 
carried out under re?ux in CHCl3. 
The present invention further provides a method of mak 

ing coupled porphyrins, comprising: reacting (i) a ?rst 
porphyrin substituted With a halo or ethyne group and a 
protected phosphono group With (ii) a second porphyrin 
having an ethyne or halo group in a Sonogashira reaction to 
couple said ?rst and second porphyrins, Wherein said ?rst 
porphyrin is substituted With halo When said second por 
phyrin is substituted With ethyne, and said ?rst porphyrin is 
substituted With ethyne When said second porphyrin is 
substituted With halo. (see for example Scheme 9 beloW). As 
previously, in some embodiments one or both of the ?rst and 
second porphyrins may comprise a member of a double 
decker or triple-decker sandWich coordination compound. 
Such reactions may be carried out in accordance With knoWn 
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techniques, including but not limited to those described in 
US. Pat. No. 6,603,070 to Lindsey and Loewe. 
Compounds of the present invention (including the prod 

ucts of the processes described herein) are useful, among 
other things, for the production of polymers thereof Which 
may be immobilized or coupled to a substrate and used as 
light harvesting rods, light harvesting arrays, and solar cells, 
as described for example in US. Pat. No. 6,407,330 to 
Lindsey et al. or US. Pat. No. 6,420,648 to Lindsey. 
Compounds of the present invention are also useful immo 
biliZed to a substrate for making charge storage molecules 
and information storage devices containing the same. Such 
charge storage molecules and information storage devices 
are knoWn and described in, for example, US. Pat. No. 
6,208,553 to Gryko et al.; US. Pat. No. 6,381,169 to Bocian 
et al.; and US. Pat. No. 6,324,091 to Gryko et al. The 
compounds of the invention, particularly porphyrins, and 
including products and intermediates, may comprise a mem 
ber of a double-decker or triple-decker sandWich coordina 
tion compound, such as for use as an information storage 
molecule, such as described in US. Pat. No. 6,212,093 to Li 
et al. or US. Pat. No. 6,451,942 to Li et al. 

The present invention is explained in greater detail in the 
non-limiting Examples set forth beloW. 

EXPERIMENTAL 

Example I beloW shoWs that synthetic molecules bearing 
phosphonic acid groups can be readily attached to oxide 
surfaces. As part of a program in molecular-based informa 
tion storage, We have developed routes for the synthesis of 
diverse porphyrinic compounds bearing phenylphosphonic 
acid tethers. The routes enable (1) incorporation of masked 
phosphonic acid groups in precursors for use in the rational 
synthesis of porphyrinic compounds, and (2) derivatiZation 
of porphyrins With masked phosphonic acid groups. The 
precursors include dipyrromethanes, acyldipyrromethanes, 
and diacyldipyrromethanes. The ter‘t-butyl group has been 
used to mask the dihydroxyphosphoryl substituent. The 
di-ter‘t-butyloxyphosphoryl unit is stable to the range of 
conditions employed in syntheses of porphyrins and multi 
porphyrin arrays, yet can be deprotected under mild condi 
tions (TMS-Cl/TEA or TMS-Br/TEA in re?uxing CHCl3) 
that do not cause demetalation of Zinc porphyrins (class III) 
or magnesium porphyrins (class IV). The porphyrinic com 
pounds that have been prepared include (1) A3B-, trans 
AB2C-, and ABCD-porphyrins that bear a single phe 
nylphosphonic acid group, (2) a trans-A2B2-porphyrin 
bearing tWo phenylphosphonic acid groups, (3) a chlorin 
that bears a single phenylphosphonic acid group, and (4) a 
porphyrin dyad bearing a single phenylphosphonic acid 
group. 

In Example II beloW We describe the synthesis of por 
phyrins bearing benZylphosphonic acid, hexylphosphonic 
acid, and tripodal phosphonic acid tethers. The benZyl and 
hexyl linkers are longer than a phenyl unit While the tripodal 
tether anchors the redox-active molecule in a 3-point contact 
and enforces a vertical orientation of the charge-storage 
molecule. The key design issues for tripods are (1) the nature 
of the atom or molecular unit to Which the three legs of the 
tripod are attached, (2) the composition and length of the 
tripod legs, and (3) the nature of the three terminal groups 
for surface attachment. Diverse tripodal tethers have been 
prepared for attaching molecules to surfaces. Tripods con 
taining a C atom,l7'3O a Si atom,31 or an adamantane26’32'35 
unit at the central core of the tripod have been prepared. The 
tripod legs include methyl,22'34 ethyl,21 propyl,l7’l9’2O’22’23 
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10 
alkyl ether,18 phenyl,26’32’33 benZyl,24’25’27’3O biphenyl,28’29 
diphenylethyne,3l’35 and oligoethynylphenyl35 structures. 
The terminal groups include thiol,17’19’2O’22’24’253730’34 
S-acetylthio,23’25 ’27’3 1’35 thiocyanate,22 alcohol,22’34 
ester,18’26’32’33’34 carboxylic acid,18’21’26’33 diethyl phospho 
nate,28 or phosphonic acid28’29 groups. Some of the tripods 
bear redox-active groups including ferrocene,21’22 
viologen 28’29 fullerene 1835 ’27 ruthenium-tris(bpy) 26’32 o 

’ 25 27,30 ’ ’ 

oligothiophene ’ units. Dendrimeric tripods bearing more 
than three sites of attachment also have been 

l7,l8,2l,36 prepared. 
A tripod built around a tetraarylmethane structure con 

taining three terminal phosphonic acid groups appeared 
most attractive for our purposes oWing to the rigid, compact, 
and tetrahedral architecture. The tripods of this type that 
havezsbzeen prepared incorporate methylthiol24’25’27’3O or 
ester ’ termini attached to phenyl legs, or dialkyl 
phosphono termini attached to biphenyl legs.28’29 The syn 
thesis of the thiol-terminated tetraarylmethane tripod pro 
ceeded through the valuable intermediate 1,1,1-tris(4-bro 
momethylphenyl)(4-bromophenyl)methane.27 We felt that 
the route for preparing this intermediate could be adapted to 
incorporate porphyrins and benZylphosphonic acid groups. 

Example I 

1. Approach. A variety of protecting groups have been 
used for phosphonic acids, including methyl, ethyl, allyl, 
and ter‘t-butyl groups.2'l4’37'43 For our application, a key 
issue concerns the stability of the metalloporphyrin toWards 
conditions employed for protecting group removal, as inad 
vertent demetalation of the porphyrin Would complicate the 
synthesis of mixed-metal multiporphyrin arrays. Accord 
ingly, the ideal masking agent should meet the folloWing 
requirements: (1) Compatibility With porphyrin forming 
conditions, including acid catalysis and DDQ oxidation 
conditions. (2) Stability toWards a variety of metalation 
conditions. (3) Compatibility With Pd-mediated coupling 
reactions. (4) Undergo cleavage Without demetalation of the 
metalloporphyrins. 

Mild conditions for the cleavage of a dialkyl phosphonate 
to give the phosphonic acid originate With RabinoWitZ, Who 
?rst used trimethylsilyl chloride (TMS-Cl) folloWed by 
hydrolysis of the resulting bis(trimethylsilyl) phosphonate. 
Modi?cations of this approach have led to the folloWing 
conditions: (1) TMS-Br (neat);37 (2) TMS-Br/CH3CN42 or 
CHZCIZ;4O (3) TMS-Cl/TEA;45 and (4) TMS-Br/TEA/ 
CHZCIZ.41 Some of these approaches have been applied to 
the cleavage of a diethyl porphyrin-phosphonate: (1) TMS 
Br/CHZCI2 (free base porphyrins);6’7’l2 (2) TMS-Br/TEA/ 
DMF (Mn-porphyrin);l3 and (3) NaBr/TMS-Cl/TEA/DMF 
(Mn-porphyrin).4 
We have examined methods for the introduction and 

cleavage of various phosphonic acid protecting groups that 
are compatible With the preparation of diverse porphyrinic 
compounds. Several possible masking agents [2-trimethyl 
silylethyl, 2-cyanoethyl, 2-chloroethyl, methyl] Were exam 
ined but found inapplicable for the preparation of porphyrin 
phosphonic acids. The ter‘t-butyl group has been used for the 
protection of phosphates in nucleotide syntheses With facile 
removal under mild non-acidic conditions 
(TMS-Cl/TEA).45 We therefore employed the ter‘t-butyl 
group as masking agent in the Work described herein. 

2. Synthesis. A sample of 4-bromobenZaldehyde dimethy 
lacetal46 Was coupled With di-tert-butylphosphite to give 
4-(di-tert-butyloxyphosphoryl)benZaldehyde dimethylac 
etal. The latter Was used in a mixed-aldehyde condensation47 
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With pyrrole under standard conditions of BF3.O(Et)2-etha 
nol cocatalysis48 followed by oxidation With DDQ to give 
porphyrin 1. Porphyrin 1 Was metalated With Zn(OAc)2. 
2H2O in CHCl3/methanol to a?‘ord Zinc porphyrin Znl in 
73% yield (Scheme 1). Cleavage of the tert-butyl groups Was 5 
achieved by following the knoWn procedure45 With TMS 
Cl/TEA in re?uxing CHCl3 (stabilized With amylenes). In 
this manner, the porphyrin Zn2 Was obtained Without 
demetalation in 89% yield. Note that CHCl3 stabiliZed With 
amylenes rather than ethanol Was used to avoid the possible 10 
reaction of ethanol With TMS-Cl. 

15 
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25 

1; M = H, H 

Zn(OAc)2'2H2O 30 
73% CHC13, methanol 

it, overnight 

Znl: M = Zn 

CHC13, A, 4 h 89%lTMS-Cl, TEA 
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The synthesis of magnesium porphyrin Mg1 Was ?rst 65 
tried using the heterogeneous magnesium insertion proce 
dure.49 Porphyrin 1 Was treated With Mgl2 and DIEA in 

12 
CH2Cl2 at room temperature, but these conditions resulted in 
cleavage of the tert-butyl groups. HoWever, magnesium 
insertion using the homogeneous procedure5O (ethereal 
MgIZ-DEEA reagent in CH2Cl2) gave Mg1 in 71% yield. 
Treatment of Mg1 With TMS-Cl/ TEA in re?uxing CHCl3 or 
THF did not cause cleavage of the tert-butyl groups. HoW 
ever, use of TMS-Br/TEA in re?uxing CHCl3 gave porphy 
rin-phosphonic acid Mg2 in 77% yield (Scheme 2). 

1 

Ethereal Mgl2—DlEA 

TMS-Br, TEA 

77%‘CHC13,A, 4 h 

Mg2 

We also examined the diethyl phosphono porphyrin Zn3, 
Which Was prepared from 4-(diethoxyphosphoryl)benZalde 
hyde4 in the same manner as for Znl. We found that Zn3 

could be deprotected in 81% yield Without a?‘ecting the 
metalation state by using the TMS-Br/TEA reagent in 
re?uxing CHCl3. On the other hand, treatment of Zn3 With 
TMS-Br in the absence of TEA (employed for the depro 
tection of diethyl phosphonates)6 at room temperature 
caused demetalation in addition to cleavage of the ethyl 
groups, a?ording the free base porphyrin-phosphonic acid 2 
in 79% yield (Scheme 3). Porphyrin 2 Was metalated With 
Zn(OAc)2.2H2O under standard conditions, giving Zn2 in 
77% yield. The successful metalation of a porphyrin bearing 
a free phosphonic acid Was surprising and may stem in part 
from the suppression of aggregation a?‘orded by the three 
mesityl groups. 
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81%[TMS-Br, TEA 011013, A, 4 h 

TMS-Br, CHZCIZ 
79%l rt, overnight 

Zn(OAc)2-2H2O 
77% CHCl3/methanol 

rt, overnight 

The success of the above studies prompted us to employ 
the di-tert-butyl phosphono group in a variety of porphyrin 
precursors. Accordingly, reaction of acetal 4 With excess 
pyrrole following a standard procedure51 a?‘orded dipyr 
romethane 6 in 31% yield (Scheme 4). Alternatively, Pd 
mesdiated coupling of 5-(4-bromophenyl)dipyrromethane 
(5) With di-tert-butylphosphite gave 6 in 43% yield. Dipyr 
romethane 6 is a valuable synthon for use in porphyrin 
chemistry. 
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3117011114, 11, 2 h 

32% 

Pd(PPh3)4 
Toluene/TEA 

80° C, overnight 

Br 

Dipyrromethane 6 Was treated With various dipyr 
romethane-dicarbinols (7-diol, 8-diol, and 9-diol)52 in a 
rational route52 to afford the corresponding porphyrins 10, 
11, and 12 in 4.6%, 7.8% and 25% yields respectively 
(Scheme 5). The synthesis of 10 Was achieved using 
Y1:>(OT1)3 as acid catalysis53 While that of 11 and 12 Was 
carried out With TFA. 
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Application of the procedure for monoacylation of a 
dipyrromethane54 to 6 by treatment With EtMgBr and pyridyl 
thioester 1354 or 1452 gave the corresponding monoacyl 
product 15 or 16 in 48% or 69% yield, respectively (Scheme 

6). 

6 

(l) EtMgBr, THF 
—78° C.,1O min 

(2) 

o / 

\ 
S N 

R 

13: R = methyl 

14: R = — TMS 

THF, —78° C., 20 min 

15 

25 

18 

-continued 

15: R = methyl (48%) 

16:R= TMS (69%) 

Compound 15 on reduction With NaBH4 in THF/methanol 
afforded the monocarbinol 15-OH. Self-condensation54 of 
15-OH on treatment With TFA in CH3CN folloWed by 
oxidation With DDQ afforded the bis-phosphonate-porphy 
rin 17 in 28% yield (Scheme 7). The self-condensation of 
15-OH using lnCl3 as catalyst53 resulted in a Very loW yield 
(3%) of the required porphyrin 17. 

15 

(l) NaBH4, THF/methanol 
28% (2) TFA, CH3CN, 5 min 

(3) DDQ, l h 
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A chlorin bearing a phenylphosphonic acid tether also Was 

prepared. Monoacyl-dipyrromethane 15 Was treated With 
NBS to a?‘ord 18 in 78% yield. Reduction of 18 With NaBH4 

gave the monocarbinol 18-OH (Eastern half), Which on 
reaction With tetrahydrodipyrrin 1955 (Western hall) under 
one-?ask chlorin-forming conditions55 gave the phospho 
nate-substituted Zinc chlorin Zn20 in 17% yield (Scheme 8). 
Treatment of Zn20 With TMS-Cl/TEA in CHCl3 at re?ux 
a?‘orded the Zinc chlorin-phosphonic acid Zn21 in 88% 

yield. 

15 

78%lNBS, THF, -78° C. 

(l) NaBH4, THF/methanol 

(2) 

/ 

HN/ 17% /N 

19 

TFA, CH3CN, 30 min 
(3) AgOTf, Zn(OAc)2, 2,2,6,6-TMPi 

CH3CN, re?ux, 18 h 
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20 

-continued 

Z1120 

TMS-Cl, TEA 

smkcncn, A, 4 h 

The synthesis of a porphyrin dyad bearing a single 
phosphonic acid tether is shown in Scheme 9. The synthesis 
employed Zn2256 With Zn23; Zn23 Was prepared by cou 
pling of Zn(ll)-5-(4-iodophenyl)-10,20-dimesityl-15-[4-[2 
(trimethylsilyl)ethynyl]phenyl]porphyrin57 and di-tert-butyl 
phosphite. The Sonogashira coupling of Zn22 With Zn23 
Was carried out under the conditions developed for synthesis 
of multiporphyrin arrays.5 8 The conditions employ equimo 
lar amounts of the tWo porphyrins in relatively dilute solu 
tion (5 mM each in toluene/TEA) at 35° C. With catalysis by 
Pd2(dba)3 and tri-o-tolylphosphine [P(o-tol)3] Without any 
copper cocatalysts. Thus, the coupling of Zn23 With Zn22 
a?‘orded Dyad-l in 54% yield upon chromatographic 
Workup including siZe exclusion chromatography59 (SEC). 
Treatment of the dyad With TMS-Cl/ TEA in re?uxing CHCl3 
a?‘orded Dyad-2 bearing a free phosphonic acid in 82% 
yield. No demetalation of the Zinc porphyrins Was observed. 
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Z112 2 Z1123 

Pd2(dba)3, P(o-tol)3 
54% toluene/TEA (5:1) 

35° C., 7 h 

Dyad- l 

TMS-Cl, TEA 

Dyad-Z 

3. Characterization. The porphyrins and chlorins Were 

characterized by absorption spectroscopy, 1H NMR spec 
troscopy, LDMS6O and FABMS. The phosphonic acid/phos 
phonate-containing compounds Were also characterized by 
31P NMR spectroscopy using H3PO4 as an external standard. 
The 31P NMR spectrum of each of the phosphonate-con 

60 

65 

taining compounds yielded a singlet. The 1H NMR and 13C 
NMR spectra of the molecules bearing phosphonate groups 
shoWed splitting of some signals originating from atoms in 
the adjacent phenylene or alkyl phosphonate unit due to 
coupling With the phosphorous nucleus. 1H NMR and 31P 
NMR spectra for Zn21 Were not obtained (in CDCl3, THF 
ds, CD3OD, or DMSO-d6) due to aggregation. 
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Example 11 

The ability to attach redox-active molecules to oxide 

surfaces in controlled architectures (distance, orientation, 
packing density) is essential for the design of a variety of 
molecular-based information storage devices. We describe 
the synthesis of a series of redox-active molecules Wherein 
each molecule bears a benZylphosphonic acid tether. The 
redox-active molecules include Zinc porphyrins and a cobalt 
(ll)porphyrin. An analogous tripodal tether has been pre 
pared that is based on a tris-[4-(dihydroxyphosphorylm 
ethyl)phenyl]-derivatiZed methane. A Zinc porphyrin is 
linked to the methane vertex by a 1,4-phenylene unit. The 
tripodal systems are designed to improve monolayer stabil 
ity and ensure vertical orientation of the redox-active por 
phyrin on the electroactive surface. For comparison pur 
poses, a Zinc porphyrin bearing a hexylphosphonic acid 
tether also has been prepared. The synthetic approaches for 
introduction of the phosphonic acid group include derivati 
Zation of a bromoalkyl porphyrin or use of a dimethyl or 

diethyl phosphonate-substituted precursor in a porphyrin 
forming reaction. The latter approach makes use of dipyr 
romethane building blocks bearing mono or tripodal dialkyl 
phosphonate groups. Collectively, a variety of porphyrinic 
molecules can noW be prepared With tethers of different 

length, composition, and structure (mono or tripodal) for 
studies of molecular-based information storage on oxide 
surfaces. 

1. Synthesis. Zinc Porphyrins Bearing Single Tethers. (a) 
BenZylphosphonic Acid Tethers. Porphyrin 24 Was treated 
With Zn(OAc)2.2H2O to afford Zn24 in 94% yield (Scheme 
10). Treatment of Zn24 to the same conditions described in 

Example I to cleave di-tert-butyl groups [TMS-Br (l5 equiv) 
and TEA (20 equiv) in re?uxing. CHCl3] caused cleavage of 
the ethyl protecting groups to afford porphyrin-benZylphos 
phonic acid Zn25 in 78% yield. 

Zn(OAc)2-2H2O 
94% CHCl3, methanol 

rt, 15 h 

TMS-Br, TEA 
crrcr3 
A, 4 h 

78% 

24 
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Z1125 

Porphyrin 24 could also be prepared folloWing the 
approaches shoWn in Scheme 11. The mixed-aldehyde con 
densation47 at high concentration61 of 4-bromomethylben 
Zaldehyde,62 mesitaldehyde, and pyrrole With BF3.O(Et)2 
ethanol cocatalysis48 folloWed by oxidation With DDQ 
afforded the porphyrin (26) that bears one bromomethyl 
group. Porphyrin 26 is a valuable porphyrin building block. 
As With other bromomethylporphyrins,63 26 can be func 
tionaliZed With a Wide variety of nucleophiles. For example, 
treatment of 26 With triethyl phosphite in an ArbuZov 
reaction, or sodium diethyl phosphite in THF, gave porphy 
rin 24 in 80% or 73% yield, respectively. Both routes afford 

porphyrin 24 in a straightforward manner. Porphyrin 26 
could also be treated With trimethyl phosphite in an ArbuZov 
reaction affording porphyrin 27 in 79% yield. Zinc insertion 
afforded porphyrin Zn27 in 98% yield. The methyl groups 
Were cleaved under the same conditions employed for Zn24, 
affording porphyrin Zn25 in 77% yield. Based on this single 
comparison, the methyl and ethyl protecting groups seem 
comparable in affording the corresponding porphyrin-phos 
phonic acid. 
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-continued 

P(OEt)3, toluene 
A, 24 h, 80% 

NaP(O)(OEt)2 
THF,1t, 24 h, 73% 
P(OMe)3, toluene 
A, 17 h, 79% 

Zn(OAc)2-2H2O 
CHCl3, MeOH 
1t, 2 h, 98% 

TMS—Br, TEA 
CHC13 
A, 2 h, 77% 

Zn27 —> Zn25 M I Zn; R I H 

The synthesis of a porphyrin-phosphonic acid bearing 
p-tolyl groups at all non-linking meso positions is shown in 
Scheme 12. The synthesis relies on the rational condensation 

of a dipyromethane and a dipyrromethane-dicarbinol.52 
Reaction of 4-(diethoxyphosphorylmethyl)benZaldehyde 
(28) with excess pyrrole under TFA catalysis afforded dipyr 
romethane 29 in 46% yield. The condensation of 29 and 

30-diol64 in CH2Cl2 using InCl3 as catalyst53 followed by 
oxidation with DDQ afforded the free base porphyrin. The 
reaction of crude free base porphyrin with Zn(OAc)2.2H2O 
gave the Zinc porphyrin Zn31. However, the insolubility of 
Zn31 in typical solvents (CHCl3, THF, toluene and mixtures 
thereof) prevented analysis. A suspension of Zn31 in CHZCl2 
was treated with TFA, affording the free base porphyrin 31 
in 12% overall yield. Free base porphyrin 31 showed good 
solubility and was readily characterized. 

0 pyrrole, TFA 
46 A) ‘ rt, 5 min 
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(1) 0112012, 111013 Me 

Me Me 

OH 

30-diol 

HO 
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(b) Hexylphosphonic Acid Tether. To explore the effect of 
tether length on the electron-transfer properties of porphyrin 
SAMs, we prepared a porphyrin that bears a hexylphospho 

nic acid tether (Scheme 13). Condensation of dipyr 
romethane 3265 and 30-diol using InCl3 followed by oxida 
tion with DDQ afforded porphyrin 33 in 24% yield. 
Metalation fuirnished Zn33 in 85% yield. An ArbuZov 
reaction of Zn33 and triethylphosphite afforded porphyrin 
Zn34 in quantitative yield. Treatment with TMS-Br/ TEA in 
re?uxing CHCl3 gave porphyrin-hexylphosphonic acid 
Zn35 in 88% yield. 
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-continued 

(2) BBQ 24%\(1) 30-diol, CHZCIZ, 111013 
Z1135 

20 

Porphyrin Architectures for Increased Memory Density. 
Molecules With an increased number of cationic oxidation 

25 states can afford increased memory density. We have 

explored the use of cobalt(ll)porphyrins to serve as mol 
ecules that can provide three cationic oxidation states: the 
mono- and dication porphyrin radicals and a metal-centered 

Co(ll)/Co(lll)66 oxidation. The synthesis of a cobalt por 
30 phyrin-phosphonic acid is shoWn in Scheme 14. Porphyrin 

24 Was treated With Co(OAc)2 to yield the cobalt porphyrin 
C024 in 68% yield. Cleavage of the ethyl protecting groups 
using the same procedure described above (TMS-Br/TEA in 

35 re?uxing CHCl3) furnished the porphyrin-phosphonic acid 
C025 in 92% yield. 

Schemelél 

33:M:H,H;R:Br 40 24 

Zn(OAc)2-2H2O 
85% THF/CHZClZ 68% cgglgiiibrr 

It, 1 h A, 12 h 

45 

50 

Zn33: M I Zn; R I Br 

lOO%lP(OEt)3, A 
55 

Z1134: M : Zn; R : —P(O)(OEt)2 60 
C024 

TMS — Br, TEA 

88% CHC13 0 TMS—Br, TEA 
A, 12h 924’ CHCl3,A,4h 

65 
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C025 

Porphyrins Bearing Tripodal Phosphonic Acid Tethers. 
Our design for porphyrins bearing tripodal phosphonic acid 
tethers incorporates a p-phenylene group between the por 
phyrin and the methane-carbon vertex of the tripod. The 
three legs of the tripod are provided by benZylphosphonic 
acid groups. The synthesis We developed proceeds via a 
dipyrromethane bearing the tripod With protected phospho 
nic acid groups (Scheme 15). 

60% CuCN, DMF, A, 18 h 

NBS, AIBN, PhH, A, 20 min 

DIBALH, CHZCIZ, 0° 0., 1 h 

39; R1 I CHO, R2 I CHZBr 

TiCl4, MeOH, CHZCIZ, 11, 30 min 

40; R1 I CH(OMe)2, R2 I CHZBr 
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-continued 

ii 
/ P\ 41:R1:CHO,R2:CH2 \ OEt 

OEt 

77%lpyrrole, lnCl3, 1.5 h 

\ 
EtO OEt 

P : 

EtO OEt 

42 

The synthesis begins With 1-(4-bromophenyl)-1,1,1-tri-p 
tolylmethane (36).27 Rosenmund-von Braun reaction of 36 
With CuCN afforded 37 in 60% yield (76% based on 
recovery of starting material 36). Radical bromination of 37 
using NBS (1.1 eq per methyl group) and AIBN in re?uxing 
benZene furnished crude tribromo nitrile 38 in ~90% purity. 
1H NMR spectroscopy shoWed the presence of unreacted 
p-tolyl resonances, indicating incomplete bromination. The 
mono and dibromo products Were not easily removed from 
the reaction mixture; thus, the crude material Was carried 
forward. Reduction of crude 38 With DIBALH gave alde 
hyde 39, Which Was converted to the acetal (40) using TiCl4 
in CH2Cl2/methanol. Subsequent reaction With triethylphos 
phite at 1000 C. for 6 h afforded 41 in 54% yield (from 37). 
The acetal Was cleaved during the acidic Workup that Was 
employed to convert the odorous triethylphosphite to dieth 
ylphosphite. While each member of the series of compounds 
38I40 Was ~90% pure oWing to the presence of partially 
brominated species, 41 Was obtained in pure form. Conden 
sation of 41 With excess pyrrole under neW reaction condi 

tions (lnCl3 as catalyst)67 afforded dipyrromethane 42 in 
77% yield. 

Dipyrromethane 42 serves as a valuable synthetic inter; 
mediate for condensation With dipyrromethane-dicarbinols 
to afford porphyrins bearing a tripodal phosphonate tether. 
Thus, c4ondensation of 42 and dipyrromethane-dicarbinol 
30-diol With catalysis by lnCl3 folloWed by oxidation With 
DDQ gave the free base porphyrin. Metalation gave Zinc 
porphyrin Zn44 in 11.3% overall yield. Deprotection using 
5 equiv of TMS-Br and 6.7 equiv of TEA per phosphonate 
group afforded porphyrin Zn46 in 82% yield (Scheme 16). 
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Similarly, a porphyrin Was prepared that bears a free 
ethynyl group for Sonogashira oligomeriZation With porphy 
rin monomers. The ethynyl unit Was incorporated via 
43-diol. The condensation of 42 and 43-diol in CH2Cl2 With 
Yb(OTf)3 as catalyst53 followed by oxidation With DDQ 
gave the free base porphyrin. Metalation afforded Zinc 
porphyrin Zn45 in 24% yield (Scheme 16). 

2. Chemical Characterization and Solubility Properties. 
All porphyrins Were characteriZed by absorption spectros 
copy, 1H NMR spectroscopy, LDMS and FABMS. The 
phosphonate-containing compounds generally Were also 
characterized by 31P NMR spectroscopy using H3PO4 as an 
external standard. In a feW cases, solubility limited puri? 
cation and analysis. Tri-p-tolylporphyrin Zn31 Was spar 
ingly soluble (CHCl3, THF, or toluene) While trimesitylpor 
phyrin Zn24 displayed good solubility in these solvents. The 
greater bulk of the mesityl versus p-tolyl group suppresses 
cofacial aggregation betWeen porphyrins. The free base 
analogs of both these porphyrins display good solubility. 
The limited solubility of Zn31 but not its free base analog is 
attributed to coordination of the dialkyl phosphonate of one 
porphyrin to the apical site of the Zinc porphyrin of another 
porphyrin. Each porphyrin bearing a tripodal phosphonate 
tether displayed good solubility in common organic sol 
vents. Porphyrin Zn46, Which bears three phosphonic acid 
groups, Was quite soluble in Water as Well as organic 
solvents. 

Experimental Section 
General. 1H NMR (400 MHZ) and 13 C NMR (100 MHZ) 

spectra Were recorded in CDCl3 unless noted otherWise. 
Mass spectra of porphyrinic compounds Were obtained by 
FABMS, laser desorption mass spectrometry in the absence 
of a matrix (LDMS), and/or MALDl-MS using the matrix 
1,4-bis(5-phenyloxaZol-2-yl)benZene (POPOP). Absorption 
and emission spectra Were collected in toluene at room 
temperature unless noted otherWise. Melting points are 
uncorrected. Silica gel (40 um average particle siZe) Was 
used for column chromatography. Alumina activity grade I 
Was deactivated to grade V for chromatography of magne 
sium-porphyrinic compounds. Phosphoric acid (H3PO4) Was 
used as external standard (referenced to 6 0.00 ppm) for 31P 
NMR (161.98 MHZ) spectroscopy. Preparative SEC Was 
performed as described previously.59 All Pd-mediated cou 
pling reactions Were carried out under argon using standard 
Schlenk techniques.58 

Non-Comme4r6cial Compounds. 4-BromobenZaldehyde 
dimethylacetal, 4-bromomethylbenZaldehyde,62 Zn(ll)-5 
(4-iodophenyl)-10,20-dime7sityl-15 —[4- [2-(trimethylsilyl) 
ethynyl]phenyl]porphyrin, 5-[4-(2-trimethylsilyl)ethy 
nylphenyl)- 1 , 9-bis(4 —methylbenZoyl)dipyrromethane,68 5 ,5 1 
749,52 13,54 14,54 19,55 Zn22,56 30,64 32,65 and 3627 Were 
synthesiZed according to literature procedures. 

Solvents. Toluene and TEA Were freshly distilled from 
CaH2 and sparged of oxygen prior to use. THF Was distilled 
from sodium. CH3CN Was distilled from CaH2 and stored 
over molecular sieves. All other solvents Were used as 
received. CHCl3 stabiliZed With 0.8% ethanol Was used for 
the porphyrin-forming reactions and chromatography pro 
cedures. CHCl3 stabiliZed With amylenes (not ethanol) Was 
used for the cleavage of dialkyl phosphonates. 

4-(Di-tert-butyloxyphosphoryl)benZaldehyde dimethy 
lacetal. Samples of 4-bromobenZaldehyde dimethylacetal 
(5.0 g, 22 mmol) and di-tert-butylphosphite (5.1 g, 27 mmol) 
Were coupled using Pd(PPh3)4 (1.3 g, 1.1 lnmol) in toluene/ 
TEA [10 mL, (1:1)] at 800 C. under argon for 20 h. A 
precipitate Was formed during the course of the reaction. The 
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reaction mixture Was ?ltered and the ?ltrate Was concen 
trated. Column chromatography [silica, hexanes/ethyl 
acetate (8:2)Qethyl acetate/MeOH (9:1)] afforded a yelloW 
oil (4.00 g, 53%): bp 1520 C.; 1H NMR 6 1.46 (s, 18H), 3.34 
(s, 6H), 5.41 (s, 1H), 7.484752 (m, 2H), 7.764783 (m, 2H); 
13C NMR 6 30.8, 30.9, 52.7, 82.3, 82.4, 103.4, 127.3, 127.4, 
132.1, 132.2,142.6,142.7;31PNMR(THF-d8)610.6;Anal. 
Calcd for C17H29O5P: C, 59.29; H, 8.49. Found: C, 59.18; 
H, 8.49. 

5 -[4-(Di-tert-butyloxyphosphoryl)phenyl]-10,15,20-tri 
mesitylporphyrin (1). Samples of mesitaldehyde (1.34 g, 
9.00 mmol), 4-(di-tert-butyloxyphosphoryl)benZaldehyde 
dimethylacetal (1.00 g, 3.00 mmol), and pyrrole (805 mg, 
12.0 mmol) Were condensed in CHCl3 (1.2 L) containing 
ethanol as a stabiliZer Was treated With BF3.O(Et)2 (500 uL) 
at room temperature for 1.5 h. DDQ (2.04 g, 9.00 mmol) Was 
added. After 1 h, TEA Was added and the reaction mixture 
Was concentrated. Column chromatography [silica, CHCl3/ 
hexanes (1:1)QCHCl3/ethyl acetate (8:2); silica, CHCl3/ 
ethyl acetate (8:2)] afforded a purple solid (255 mg, 6.8%): 
1H NMR 6 —2.58 (br s, 2H), 1.65 (s, 18H), 1.844185 (m, 
18H), 2.62 (s, 9H), 7.27 (s, 6H), 8.144827 (m, 4H), 
86448.73 (m, 8H); 31PNMR (THE-d8) 6 10.7; LDMS obsd 
934.0, 877.2 [(M-tert-Bu)+]; 821.01 [(M-2><tert-Bu)+]; 
FABMS obsd 932.4788; calcd 932.4794 (C6lH65N4O3P); 
Labs 420, 514, 547, 592, 650 nm; he," (kex:550)650, 719 nm. 

Zn(ll)-5 -[4-(Di-tert-butyloxyphosphoryl)phenyl]-10,15 - 
20-trimesitylporphyrin (Zn1).A solution of 1 (0.210 g, 0.225 
mmol) in CHCl3 (50 mL) Was treated overnight With 
Zn(OAc)2.2H2O (0.250 g, 1.14 mmol) in methanol (5 mL) 
at room temperature. The reaction mixture Was Washed With 

Water, dried (Na2SO4) and chromatographed [silica, CHCl3/ 
ethyl acetate (9:1)] to afford a purple solid (163 mg, 73%): 
1H NMR 6 1.64 (s, 18H), 1.84 (s,18H), 2.62 (s, 9H), 7.27 (s, 
6H), 80748.28 (m, 4H), 86448.75 (m, 8H); 31P NMR 
(THE-d8) 6 11.1; LDMS obsd 993.5, 881.9 [(M-2><tert 
Bu)+]; FABMS obsd 994.3925; calcd 994.3929 
(C6lH63N4O3PZn); Labs 423, 550 nm; he," (X85550 nm) 
600, 649 nm. 

Zinc (H)-5 -[4-(Diethoxyphosphoryl)phenyl]-10,15,20-tri 
mesitylporphyrin (Zn3). A solution of porphyrin 3 (0.080 g, 
0.090 mmol) in CHCl3/methanol (8:1) Was treated overnight 
With Zn(OAc)2.2H2O (0.099 g, 0.45 mmol). Standard 
Workup including chromatography [silica, CHCl3/methanol 
(98:2)] afforded a purple solid (0.071 g, 85%): 1H NMR 6 
1.17 (t, J:7.2 HZ, 6H), 6 1.8(L1.88 (m, 18H), 25842.65 (m, 
9H), 36043.75 (m, 4H), 7.28 (s, 6H), 7.434755 (m, 2H), 
8.124821 (m, 2H), 86548.78 (m, 8H); LDMS obsd 937.9; 
FABMS obsd 938.3339, calcd 938.3303 (C57H55N4O3PZn); 
Labs 423, 549 nm. 

Mg(ll)-5-[4-(Di-tert-butyloxyphosphoryl)phenyl]-10, 15 - 

20-trimesitylporphyrin (Mg1). A solution of 1 (23 mg, 0.025 
mmol) in CH2Cl2 (1 mL) Was treated With the ethereal 
MgI2-DIEA reagent (7 mL, ~0.04 M solution of Mgl2) and 
the mixture Was stirred at room temperature for 1 h. The 
mixture Was diluted With CH2Cl2 and Washed With aqueous 
5% NaHCO3 and Water, dried (Na2SO4) and concentrated. 
Trituration With hexanes afforded a purple solid (17 mg, 
71%): 1H NMR (THE-d8) 6 1.63 (s, 18H), 1.824189 (m, 
18H), 25842.63 (s, 9H), 7.27 (s, 6H), 80548.15 (m, 2H), 
8.214829 (m, 2H), 8.524856 (m, 6H), 8.634866 (m, 2H); 
31P NMR (THE-d8) 6 11.31; LDMS obsd 956.3, 901.2 
[(M-tert-Bu)+], 843.8 [(M-2><tert-Bu)+]; FABMS obsd 
954.4443; calcd 954.4488 (C6lH63MgN4O3P); Labs (THE) 
431, 573, 614 nm. 

5 -(4—Dihydroxyphosphorylphenyl)-10,15,20-trimesi 
tylporphyrin (2). A sample of Zn3 (175 mg, 0.200 mmol) in 
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CH2Cl2 (20 mL) Was treated With 16 equiv of TMS-Br 
(0.420 mL, 3.20 mmol). The green mixture Was stirred 
overnight at room temperature. The solvent Was evaporated 
to afford a green residue. The green residue Was suspended 
in Water and the suspension Was stirred at room temperature 
for 2 h. The mixture Was extracted With CHCl3. The CHCl3 
layer Was Washed With saturated aqueous NaHCO3, Water 
and dried (Na2SO4). The solution Was concentrated. Chro 
matography [silica, CHCl3/MeOH (1:1)] afforded a purple 
solid (130 mg, 79%): 1H NMR 6 —2.74 (br s, 2H), 1.76 (s, 
18H), 2.57 (s, 9H), 7.124726 (m, 4H), 7.32 (s, 2H), 
80448.16 (m, 4H), 8.464862 (m, 6H), 8.744882 (m, 2H); 
LD-MS obsd 820.9; FAB-MS obsd 820.3560, calcd 
820.3542 (C53H49N4O3P); 7» (THE) 419, 515, 550, 592, 
648 nm. 

Zn(ll)-5 -[4-(Dihydroxyphosphoryl)phenyl]-10,15,20-tri 
mesitylporphyrin (Zn2; from Znl). A mixture of Znl (150 
mg, 0.150 mmol), TMS-Cl (287 uL, 2.25 mmol) and TEA 
(300 uL, 3 mmol) in CHCl3 (15 mL) Was stirred at re?ux 
(~65o C.) under argon for 4 h. The reaction mixture Was 
Washed With Water, dried (Na2SO4) and chromatographed 
[silica, CHCl3/ethyl acetate (1:1)QCHCl3MeOH (1:1)] to 
afford a purple solid (118 mg, 89%): 1H NMR 6 1.704176 
(m, 18H), 25042.51 (m, 9H), 72047.26 (m, 6H), 8.1(L8.11 
(m, 2H), 82848.29 (m, 2H), 85048.51 (m, 6H), 8.704871 
(m, 2H); 311’ NMR (THE-d8) 6 12.2; LDMS obsd 885.70; 
FABMS obsd 881.49; calcd 882.27 (C53H47N4O3PZn); Labs 
420, 550 nm; km 596, 645 nm. 
Zn2 from Zn3. A mixture of Zn3 (30 mg, 0.032 mmol), 

TMS-Br (66 uL, 0.50 mmol) and TEA (66 uL, 0.63 mmol) 
in CHCl3 (4 mL) Was stirred at re?ux for 4 h. The reaction 
mixture Was diluted With CH2Cl2 (100 mL), Washed With 
Water, dried (Na2SO4) and chromatographed [silica, CHCl3/ 
ethyl acetate (1:1)QCHCl3/MeOH (1:1)] to afford a purple 
solid (23 mg, 81%). Characterization data Were consistent 
With those reported above. 

Zn2 by metalation of 2. A solution of porphyrin 2 (0.123 
g, 0.150 mmol) in CHCl3/methanol (15 mL, 2: 1) Was treated 
overnight With Zn(OAc)2.2H2O (0.329 g, 1.50 mmol). Stan 
dard Workup including chromatography [silica, CHCl3/ 
MeOH (1:1)] afforded a purple solid (0.103 g, 77%). Char 
acterization data Were consistent With those reported above. 

Mg(ll)-5-[4-(Dihydroxyphosphoryl)phenyl]-10,15,20-tri 
mesitylporphyrin (Mg2). A sample of Mg1 (14 mg, 0.015 
mmol) in CHCl3 (5 mL) Was treated With TEA (0.041 mL, 
0.30 mmol) and TMS-Br (0.030 mL, 0.23 mmol). The 
cloudy mixture Was stirred at re?ux for 4 h. Water Was added 
and the mixture Was extracted With CHCl3. The organic 
layer Was dried (Na2SO4) and concentrated. Trituration With 
hexanes afforded a purple solid (10 mg, 77%): 1H NMR 
(THE-d8) 6 1.754190 (m, 18H), 25042.70 (m, 9H), 
7.154735 (m, 6H), 8.104835 (m, 4H), 8.454862 (m, 6H), 
86848.82 (m, 2H); 311’ NMR (THE-d8) 6 14.37; MALDI 
MS (POPOP) obsd 843.5, 821.5 [(M-Mg)+]; FABMS obsd 
842.3239; calcd 842.3236 (C53H47MgN4O3P); 7» (THE) 
431, 574, 614 nm. 

5-[4-(Di-tert-butyloxyphosphoryl)phenyl]dipyr 
romethane (6). Method A: A solution of 4 (3.44 g, 10.0 
mmol) and pyrrole (17.4 mL, 0.250 mol) in CH2Cl2 (20 mL) 
Was treated With TFA (77 uL, 1.0 mmol) under argon for 2 
h at room temperature. Then 0.1 M NaOH Was added. The 
mixture Was poured into brine and ethyl acetate. The organic 
phase Was isolated, Washed With Water, dried (Na2SO4) and 
concentrated. Column chromatography [silica, CH2Cl2/ 
ethyl acetate (3: 1)] afforded an orange oil. Recrystallization 
[ethanol/Water (1:1)] afforded a pale broWn poWder (1.3 g, 
31%): mp 1384139o C.; 1H NMR 6 1.44 (s, 18H), 5.51 (s, 
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36 
1H), 5.93 (s, 2H), 6.134615 (m, 2H), 66946.71 (m, 2H), 
7.134722 (m, 2H), 75247.62 (m, 2H), 8.68 (br s, 2H); 13C 
NMR 6 30.46, 30.50, 43.9, 82.61, 82.68, 107.4, 107.9, 
117.7, 128.1, 128.2, 130.2, 131.4, 131.5, 132.05, 132.11, 
146.49, 146.52; 31P NMR 6 10.94; Anal. Calcd for 
C23H3lN2O3P: C, 66.65; H, 7.54; N, 6.76. Found: C, 66.57; 
H, 7.41; N, 6.65. 
Method B: Samples of5 (1.0 g, 3.4 mmol) and Pd(PPh3)4 

(200 mg, 0.17 mol) in TEA (1 mL) and toluene (1 mL) Was 
treated With di-tert-butylphosphite (740 mg, 3.8 mmol). The 
reaction mixture Was stirred under argon at 850 C. for 20 h, 
then concentrated and chromatographed [silica, CHCl3/ethyl 
acetate (3:1)] to afford a light broWn solid (600 mg, 43%). 
Characterization data Were consistent With those described 
above. 

5,15 -Bis(penta?uorophenyl)-10-[4-(di-tert-butyloxy 
phosphoryl)phenyl]—20-(4-iodophenyl)porphyrin (10). A 
solution of 7 (888 mg, 1.21 mmol) in THF/methanol [55 mL 
(10:1)] Was treated With NaBH4 (915 mg, 24.2 mmol). The 
resulting dipyrromethane-dicarbinol (7-diol) Was condensed 
With 6 (0.500 g, 1.21 mmol) in CH2Cl2 (484 mL) containing 
Yb(OTf)3 (954 mg, 1.53 mmol, 3.2 mM). After 20 min, a 
sample of DDQ (824 mg, 3.63 mmol) Was added. After 30 
min, TEA Was added folloWed by ?ltration through a silica 
pad [CH2Cl2/ethyl acetate (5:1)]. Column chromatography 
[silica, CHCl3/MeOH (98:2)] folloWed by trituration With 
methanol afforded a purple solid (62 mg, 4.6%): 1H NMR 6 
—2.88 (br s, 2H), 1.68 (s, 18H), 7.95 (d, 1:68 Hz, 2H), 8.13 
(d, 1:68 Hz, 2H), 8.194829 (m, 4H), 88248.83 (m, 4H), 
8.91 (d, 1:48 Hz, 2H), 8.94 (d, 1:48 Hz, 2H); LDMS obsd 
1114.1, 1058.0 [(M-tert-Bu)+], 1000.9 [(M-2><tert-Bu)+]; 
FABMS obsd 1112.1429; calcd 1112.1410 
(CS2H36FIOIN4O3P). Labs 419, 512, 544, 589, 643 nm; he," 
(X85513 nm) 647, 715 nm. 

5,15 -Bis(penta?uorophenyl)-10-[4-(di-tert-butyloxy 
phosphoryl)phenyl]—20-[4-(2-(trimethylsilyl)ethynyl)phe 
nyl]porphyrin (11). A solution of 8 (1.02 g, 1.45 mmol) in 
THF/methanol [55 mL (10:1)] Was treated With NaBH4 (1.10 
g, 29.0 mmol). The resulting dipyrromethane-dicarbinol 
(8-diol) Was condensed With 6 (600 mg, 1.45 mmol) in 
CH3CN (580 mL) containing TFA (1.34 mL, 17.4 mmol, 30 
mM). After 6 min, a sample of DDQ (824 mg, 3.63 mmol) 
Was added. After 30 min, TEA Was added and the mixture 
Was ?ltered through a silica pad [CH2Cl2/ethyl acetate 
(5: 1)]. The porphyrin-containing fractions (Which contained 
a large amount of dipyrrin) Were combined and concen 
trated. Trituration With methanol folloWed by ?ltration 
afforded a purple solid (123 mg, 7.8%): 1H NMR 6 —2.86 (br 
s, 2H), 0.39 (s, 9H), 1.68 (s, 18H), 7.90 (d, 1:76 Hz, 2H), 
8.17 (d, 1:76 Hz, 2H), 8.194829 (m, 4H), 88348.84 (m, 
4H), 8.914894 (m, 4H); 31P NMR 6 10.14; LDMS obsd 
1083.7, 1027.7 [(M-tert-Bu)+], 971.4 [(M-2><tert-Bu)+]; 
FABMS obsd 1082.2810; calcd 1082.2839 (C57H45FlO, 
N4O3PSi). Labs 419, 512, 545, 589, 644 nm; he," (X85512 
nm) 648, 715 nm. 

5 -[4-(Di-tert-butyloxyphosphoryl)phenyl]-10-(4-io 
dophenyl)-15 -mesityl-20- [4-(2-(trimethylsilyl)ethynyl)phe 
nyl]porphyrin (12). A solution of 9 (0.347 g, 0.500 mmol) in 
THF/methanol [33 mL (10:1)] Was treated With NaBH4 
(0.380 g, 10.0 mmol). The resulting dipyrromethane-di 
carbinol (9-diol) Was condensed With 6 (0.207 g, 0.500 
mmol) in CH3CN (200 mL) containing TFA (0.460 mL, 6.00 
mmol, 30 mM). After 5 min, a sample of DDQ (0.340 mg, 
1.50 mmol) Was added. After 1 h, TEA Was added and the 
mixture Was ?ltered through a silica pad [CHCl3/ethyl 
acetate (95:5)]. The porphyrin-containing fractions Were 
combined, concentrated and chromatographed [silica, 
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CHCl3/ethyl acetate (90: 10) to afford a purple solid (127 mg, 
25%): 1H NMR 6 —2.73 (br s, 2H), 0.39 (s, 9H), 1.68 (s, 
18H), 1.84 (s, 6H), 2.64 (s, 3H), 7.29 (s, 2H), 7.88 (d, 1:84 
HZ, 2H), 7.96 (d, 1:84 HZ, 2H), 8.09 (d, 1:84 HZ, 2H), 
81548.30 (m, 6H), 8.7(%8.75 (m, 2H), 8.764890 (m, 6H); 
31P NMR 6 10.14; LDMS obsd 1072.2, 960.7 [(M-tert 
Bu)+], 834.3 [(M-2><tert-Buil)+]; FABMS obsd 1070.3202; 
calcd 1070.3217 (C6OH6OlN4O3PSi). Labs 422, 515, 550, 
592, 648 nm. 

5-[4-(Di-tert-butyloxyphosphoryl)phenyl]-1-p-toluoyl 
dipyrromethane (15). A solution of EtMgBr (5 mL, 5 mmol, 
1.0 M in THF) Was added to a solution of 6 (829 mg, 2.00 
mmol) in THF (2 mL) under Ar. The mixture Was stirred at 
room temperature for 10 min and then cooled to —780 C. A 
solution of 13 (459 mg, 2.00 mmol) in THF (2 mL) Was 
added over 1 min. The solution Was maintained at —780 C. 
for 10 min, and then the cooling bath Was removed. After 30 
min, the reaction Was quenched With saturated aqueous 
NH4Cl. The mixture Was alloWed to Warm to room tem 
perature, poured into CH2Cl2, Washed With Water and then 
dried (Na2SO4). Column chromatography (silica, CH2Cl2/ 
ethyl acetate (3:1)] afforded a pale yelloW solid (512 mg, 
48%): mp 974990 C.; 1H NMR 6 1.44 (s, 18H), 2.42 (s, 3H), 
5.59 (s, 1H), 59345.98 (m, 1H), 6.014607 (m, 1H), 
6.124616 (m, 1H), 6.654669 (m, 1H), 6.784682 (m, 1H), 
7.204728 (m, 4H), 7.6447.74(m, 4H), 8.68 (br s, 1H), 9.97 
(br s, 1H); 13C NMR 6 21.6, 30.39, 30.43, 44.0, 82.3, 82.4, 
107.7, 108.0, 110.9, 118.1, 121.2, 127.9, 128.1, 129.0, 
129.1, 130.6, 130.8, 131.2, 131.6, 131.7, 133.2, 135.6, 
141.6, 142.4, 144.58, 144.61, 184.8; 31P NMR 6 10.30; 
Anal. Calcd for C31H37N2O4P: C, 69.91; H, 7.00; N, 5.26. 
Found: C, 69.91; H, 7.11; N, 5.15. 

5-[4-(Di-tert-butyloxyphosphoryl)phenyl]-1—[4-[2-trim 
ethylsilyl)ethynyl]benZoyl]dipyrromethane (16). Following 
the procedure described for compound 15, reaction of 6 (829 
mg, 2.00 mmol) and 14 (623 mg, 2.00 mmol) folloWed by 
column chromatography [silica, CH2Cl2/ethyl acetate (3: 1)] 
afforded a pale yelloW solid (853 mg, 69%): mp 1164117o 
C.; 1H NMR 6 0.26 (s, 9H), 1.45 (s, 18H), 5.58 (s, 1H), 
5.934599 (m, 1H), 60346.09 (m, 1H), 6.124618 (m, 1H), 
6.70 (s, 1H), 67346.80 (m, 1H), 7.194727 (m,2H), 7.53 (d, 
1:80 HZ, 2H), 76547.78 (m, 4H), 8.45 (br s, 1H), 9.82 (br 
s, 1H); 13C NMR 6 0.12, 30.43, 30.46, 44.0, 82.3, 82.42, 
82.45, 82.49, 82.53, 97.3, 104.2, 107.8, 108.1, 111.2, 118.2, 
121.5, 126.6, 127.9, 128.1, 128.8, 130.4, 130.6, 131.3, 
131.6, 131.7, 131.8, 133.3, 137.9, 142.1, 144.49, 144.53, 
183.9; 31P NMR 6 10.26; Anal. Calcd for C35H43N2O4PSi: 
C, 68.38; H, 7.05; N, 4.56. Found: C, 68.51; H, 7.12; N, 
4.51. 

5,15 —Bis[4-(di-tert-butyloxyphosphoryl)phenyl]-10,20 
di-p-tolylporphyrin (17). A solution of 15 (266 mg, 0.500 
mmol) in THF/methanol [9 mL, (3:1)] Was treated With 
NaBH4 (475 mg, 12.5 mmol). The resulting carbinol (15 
OH) Was dissolved in CH3CN (100 mL) and treated With 
TFA (230 ML, 3.0 mmol, 30 mM). After 5 min, a sample of 
DDQ (170 mg, 0.75 mmol) Was added. After 1 h, TEA (420 
ML, 3.0 nimol) Was added. The mixture Was concentrated 
and chromatographed [silica, CH2Cl2/ethyl acetate (3:1)], 
affording a purple solid (72 mg, 28%): 1H NMR 6 —2.78 (br 
s, 2H), 1.68 (s, 36H), 2.71 (s, 6H), 7.56 (d, 1:80 HZ, 4H), 
8.10 (d, 1:80 HZ, 4H), 8.164823 (m, 4H), 82648.33 (m, 
4H), 8.80 (d, 1:48 HZ, 4H), 8.91 (d, 1:48 HZ, 4H); 31P 
NMR 6 10.41; LDMS obsd 1027.6, 972.5 [(M-tert-Bu)+], 
915.9 [(M-2><tert-Bu)+], 860.3 [(M-3><tert-Bu)+], 802.8 [(M 
4><tert-Bu)+]; FABMS obsd 1026.4604; calcd 1026.4614 
(C62H68N4O6P2); Labs (THF) 418, 514, 548, 592, 647 nm. 
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toluoyldipyrromethane (18). A solution of 15 (266 mg, 0.500 
mmol) in THF (10 mL) Was cooled to —780 C. under Ar. A 
sample of NBS (89 mg, 0.50 mmol) Was added and the 
reaction mixture Was stirred for 1 h at —780 C. Hexanes (10 
mL) and Water (10 mL) Were added and the mixture Was 
alloWed to Warm to room temperature. The organic phase 
Was extracted With CH2Cl2, dried (Na2SO4) and concen 
trated under reduced pressure Without heating. Column 
chromatography [silica, CH2Cl2/ethyl acetate (3:1)] 
afforded a pale broWn poWder (239 mg, 78%): mp 1324134o 
C. (dec.); 1H NMR 6 1.44 (s, 18H), 2.42 (s, 3H), 5.55 (s, 
1H), 58545.90 (m, 1H), 60046.06 (m, 1H), 6.074609 (m, 
1H), 6.704681 (m, 1H), 7.104726 (m, 4H), 76047.70 (m, 
4H), 9.20 (br s, 1H), 10.38 (br, 1H); 13C NMR 6 30.66, 
30.70, 44.3, 82.7, 82.8, 98.4, 109.9, 110.3, 111.4, 121.6, 
128.1, 128.2, 129.2, 129.5, 131.2, 131.6, 131.9, 132.0, 
132.3, 133.6, 135.7, 141.2, 142.7, 144.2, 144.3, 185.3; 311’ 
NMR 6 9.99; Anal. Calcd for C3lH36BrN2O4P: C, 60.89; H, 
5.93; N, 4.58. Found: C, 59.93; H, 6.07; N, 4.10. 

Zn(H)-10-[4-(Di-tert-butyloxyphosphoryl)phenyl]-17,18 
dihydro-18,18-dimethyl-5-p-tolylporphyrin (Zn20). A solu 
tion of 18 (183 mg, 0.300 mmol) in THF/methanol [12.5 mL 
(4:1)] Was treated With NaBH4 (114 mg, 3.00 mmol). After 
15 min, the reaction mixture Was quenched With cold Water 
and extracted With CH2Cl2. The organic layer Was dried 
(K2CO3) and concentrated under reduced pressure Without 
heating to afford mono-carbinol 18-OH as a foam. The latter 
Was dissolved in CH3CN (3 mL) and 19 (57 mg, 0.30 mmol) 
Was added folloWed by TFA (23 ML, 0.30 nmmol). The 
reaction mixture Was stirred at room temperature for 30 min, 
and then diluted With 27 mL of CH3CN. Samples of AgOTf 
(231 mg, 0.900 mmol), Zn(OAc)2 (826 mg, 4.50 mmol), and 
2,2,6,6-tetramethylpiperidine (2.4 mL, 9.0 mmol) Were 
added. The resulting mixture Was re?uxed for 18 h exposed 
to air. The mixture Was concentrated. Column chromatog 
raphy [silica, CH2Cl2/ethyl acetate (3:1)] afforded a purple 
green solid (39 mg, 17%): 1H NMR (THF-ds) 6 1.57 (s, 
18H), 2.04 (s, 6H), 2.65 (s, 3H), 4.53 (s, 2H), 7.49 (d, 1:76 
HZ, 2H), 7.93 (d, 1:76 HZ, 2H), 79648.02 (m, 2H), 
80748.14 (m, 2H), 8.23 (d, J:4.4 HZ, 1H), 8.31 (d, J:4.4 
HZ, 1H), 8.50 (d, J:4.4 HZ, 1H), 85548.65 (m, 5H); 311’ 
NMR 6 14.32; LDMS obsd 763.2, 700.1 [(M-tert-Bu)+], 
648.8 [(M-2><tert-Bu)+], 586.6 [[M-(2><tert-Bu)iZn]+]; 
FABMS obsd 760.2548; calcd 760.2521 (C43H45N4O3PZn); 
Labs (THF) 412, 607 nm. 

Zn(ll)-17,18-Dihydro-10-[4-(dihydroxyphosphoryl)phe 
nyl]-18,18-dimethyl-5-p-tolylporphyrin (Zn21). A solution 
of Zn20 (20.0 mg, 26.0 umol) in CHCl3 (5 mL) Was treated 
With TEA (0.073 mL, 0.52 mmol) and TMS-Cl (0.049 mL, 
0.39 mmol). The cloudy mixture Was stirred at re?ux for 4 
h, at Which time TLC indicated the absence of starting 
material [Rf for Zn20:1, Rf for Zn21:0.1 (CHCl3/MeOH, 
1:1)]. Water Was added and the organic phase Was extracted 
With CHCl3, dried (Na2SO4) and concentrated. Trituration 
With hexanes afforded a purple solid (15 mg, 88%): The 
acquisition of 1H and 31P NMR in CDCl3, THF-ds, CD3OD, 
or DMSO-d6 did not shoW any clear indication of peaks; 
MALDl-MS (POPOP) obsd 648.5, calcd 648.1 
(C35H29N4O3PZn); Labs (THF) 414, 608 nm. A FABMS 
spectrum gave very Weak, uninformative signals. 

Zn(ll)-5 -[4-(Di-tert-butyloxyphosphoryl)phenyl]-10,20 
dimesityl-15 - [4-[2-(trimethylsilyl)ethynyl]phenyl]porphy 
rin (Zn23). Samples of Zn(ll)-5-(4-iodophenyl)-10,20-di 
mesityl-15 -[4-[2-(trimethylsilyl)ethynyl]phenyl]porphyrin 
(191 mg, 194 umol) and di-tert-butylphosphite (388 umol, 
1.94 mmol) Were coupled using [Pd(PPh3)4] (22 mg, 19 














